Recent studies of animal personality have focused on its proximate causation and its ecological and evolutionary significance, but have mostly ignored questions about its development, although an understanding of the latter is highly relevant to these other questions. One possible reason for this neglect is confusion about many of the concepts and terms that are necessary to study the development of animal personality. Here, we provide a framework for studying personality development that focuses on the properties of animal personality, and considers how and why these properties may change over time. We specifically focus on three dimensions of personality: (1) contextual generality at a given age or time, (2) temporal consistency in behavioural traits and in relationships between traits, and (3) the effects of genes and experience on the development of personality at a given age or life stage. We advocate using a new approach, contextual reaction norms, to study the contextual generality of personality traits at the level of groups, individuals and genotypes, show how concepts and terms borrowed from the literature on personality development in humans can be used to study temporal changes in personality at the level of groups and individuals, and demonstrate how classical developmental reaction norms can provide insights into the ways that genes and experiential factors interact across ontogeny to affect the expression of personality traits. In addition, we discuss how correlations between the effects of genes and experience on personality development can arise as a function of individuals' control over their own environment, via niche-picking or niche-construction. Using this framework, we discuss several widely held assumptions about animal personality development that still await validation, identify neglected methodological issues, and describe a number of promising new avenues for future research.
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I. INTRODUCTION
Over the past decade students of animal behaviour have become increasingly interested in individual differences in behaviour that are consistent across time and/or across contexts, as evidenced by the rapidly growing literature on animal personality, temperament, coping styles, and behavioural syndromes (for recent reviews see Dall, Houston & McNamara, 2004; Sih, Bell & Johnson, 2004a; Sih et al., 2004b; Koolhaas et al., 2007; Reale et al., 2007; Sih & Bell, 2008) . 'Personality' is a term borrowed from psychology, where it refers to underlying behavioural tendencies that differ across individuals, that are consistent within individuals over time, and that affect the behaviour that is expressed in different contexts (Caspi, Roberts & Shiner, 2005; Reale et al., 2007) . 'Temperament' and 'coping styles' are terms that initially developed in separate literatures, but whose meaning has recently converged with the definition for personality indicated above (Gosling, 2001; Caspi et al., 2005; Koolhaas et al., 2007; Reale et al., 2007) . By contrast, the term 'behavioural syndrome' is currently defined as individual differences in behaviour patterns that are either correlated across time (e.g. aggressiveness of the same set of individuals before versus after sexual maturity), or across contexts (e.g. activity of the same set of individuals in their home cages versus in an open field) (Bell, 2007; Sih & Bell, 2008) . Hence, any behaviour that satisfies the criteria for personality also satisfies the criteria for a behavioural syndrome, but the reverse is not the case. Since our goal is to grapple with the complex problem of describing the development of individual differences in behavioural traits that are both contextually general and temporally consistent, here we rely on the term animal personality.
Thus far, animal personality traits have been documented in many vertebrates, including salamanders (Sih, Kats & Maurer, 2003) , fish (Wilson et al., 1993; Overli, Winberg & Pottinger, 2005) , lizards (Cote & Clobert, 2007) , birds , rodents (Koolhaas et al., 1999) and other mammals [e.g. mink (Malmkvist & Hansen, 2002) , bighorn sheep (Reale et al., 2000) , see also Gosling (2001) and Sih & Bell (2008) ]. Now, interest is turning to proximate and ultimate questions about personality. We suggest that an understanding of the development of personality is critical for an understanding of questions about its causation, evolution and function. First, information about the ontogenetic stages when personality traits are first expressed or change can provide valuable insights into the physiological processes that are responsible for the organisation and stability of personality traits. If, for example, major changes in personality in a species of mammal occur around the time of maturity, gonadal hormones might well be involved in its adult organisation. Since the effects of gonadal hormones on brain-behaviour relationships in vertebrates such as birds and mammals are already well known (Nelson, 2005) , longitudinal studies of personality traits over time may provide important insights for researchers interested in the proximate mechanisms that generate personality in these taxa. Second, studies of the evolution of personality require information about developmental mechanisms, both genetic (Dingemanse et al., 2002; Van Oers et al., 2005a; Sinn, Apiolaza & Moltschaniwskyj, 2006) and epigenetic (Bossdorf, Richards & Pigliucci, 2008; Champagne, 2008; Crews, 2008) , that might contribute to the inheritance of personality traits. Genes, maternal and intergenerational environmental effects can all influence the effects of natural selection on any phenotypic trait, including personality traits (e.g. Moore, Wolf & Brodie, 1998) . In addition, information about the effects of biologically relevant experience on correlations among personality traits can contribute to our understanding of how evolutionary and functional constraints and trade-offs affect those correlations.
Even behavioural ecologists who study the functional significance of animal personality traits rely on tacit assumptions about developmental processes. Field studies of the fitness consequences of animal personality traits are often conducted in areas in which environmental conditions vary within the lifetimes of the study animals (Dingemanse et al., 2004 , Boon, Reale & Boutin, 2008 . In this situation, investigators often assume that consistent individual differences in behaviour are stable throughout life (Smith & Blumstein, 2008) , e.g. that individuals who were relatively bold during years when predators were present are also relatively bold during years when predators were absent (Reale & Festa-Bianchet, 2003) . However, this assumption needs to be validated, given the distinct possibility that at least some of the individuals in a population might change their behaviour in response to major changes in food levels, population density, group sizes, exposure to predators or other environmental or social factors with strong effects on fitness. Changes in personality as a result of experience might very well be adaptive (e.g. Bell & Sih, 2007) , but so little is known about the effects of experiential factors on correlations among personality traits that generalizations on this point are currently impossible.
Unfortunately, while an understanding of development can shed light on many important questions about personality, empirical studies on the development of personality in animals are still quite rare, with the possible exception of studies of humans and other primates. Thus far, studies of personality development fall into three broad categories: those that consider how personality changes over the course of a lifetime, those that consider how specific experiential or environmental factors at one point in life affect personality later in life, and those that focus on the effect of genes on personality development. However, only a few researchers have described how correlations among different personality traits change across ontogeny (e.g. Dingemanse et al., 2002; Bell & Stamps, 2004; Carere et al., 2005b; Johnson & Sih, 2007; Weiss, King & Hopkins, 2007; Sinn, Gosling & Moltschaniwskyj, 2008 ), or have experimentally tested whether a specific type of experience at a given age affects correlations among personality traits later in life (e.g. Sluyter et al., 1996; Benus, 1999; Carere et al., 2005a; Bell & Sih, 2007; Frost et al., 2007) . Rather more attention has been paid to the effects of genes on personality, which empiricists have studied using artificial selection, quantitative genetics or analyses of the effects of specific loci on personality traits (e.g. van Oers et al., 2004 van Oers et al., , 2005a Fidler et al., 2007; Reale et al., 2007; Rogers et al., 2008 ; see also below). Indeed, we suspect that one reason for the relative shortage of empirical studies on personality development is the widespread assumption that genes play a predominant role in the development of personality, often leading to the (erroneous) assumption that personality traits must be temporally stable across ontogeny. This emphasis on the role of genes in personality is understandable, given the surge of interest in the evolution of animal personality (e.g. Nettle, 2006; Sih & Bell, 2008 , Wolf et al., 2007 Wolf, van Doorn & Weissing, 2008; McNamara et al., 2009) . However, focusing on the effects of genes on personality neglects the fact that development is the result of a continuous interaction between genes and experiential factors throughout the lifetime, a topic we discuss extensively below.
Another possible reason for the scarcity of research on personality development in animals is confusion over the different types of contextual and temporal consistency that must be specified in order to study developmental questions. Many of the terms that have been used in animal personality studies are ambiguous: e.g. the term 'behavioural plasticity' can refer to variation in behaviour as a function of the environment in which animals were raised prior to expressing the behaviour (e.g. Sinn et al., 2008) or to variation in behaviour as a function of the stimuli that surround an animal at the time it expresses behaviour (e.g. Briffa, Rundle & Fryer, 2008) . Similarly, behavioural biologists have recently become interested in using reaction norms (the range of phenotypes produced by individuals with the same genotype) to study behavioural traits (Stamps, 2003; Fuller, Sarkar & Crews, 2005; van Oers et al., 2005a; Dingemanse, 2007; Zhou et al., 2008, see also Sections II and III) . However, this is also a source of potential confusion, e.g. between reaction norms that focus on the effects of different rearing environments on the behavioural phenotypes expressed by individuals with different genotypes later in life (e.g. Stamps, 2003) , and reaction norms that focus on the effects of current environmental conditions on the phenotypes expressed by individuals at a given age or time (e.g. Nussey, Wilson & Brommer, 2007) . As a result of this lack of clarity, it is difficult for researchers to envision how developmental processes might impact the design or interpretation of their own studies, let alone identify critical questions about personality development that should be addressed in future studies.
The first goal herein is to provide a framework for studies of personality development by clarifying the concepts and terminology that are central to this topic. Hence, we initially focus on concepts that help us to understand the two key attributes of personality traits: consistency in behaviour across contexts at a given time, and consistency in behaviour across time. We then show how this framework, coupled with a traditional developmental reaction norm approach, allows us to study how effects of genes, experiential factors earlier in life and interactions and correlations among genes and experiential factors affect the behaviour that individuals express in a given context at a given time. Finally, we provide a series of novel questions about personality development that can be explored using this framework.
Although we use the concept of personality to frame this article, many of the terms and ideas outlined below can be used to study the development of other behavioural or physiological traits that differ across individuals within the same population. These include behaviour patterns that are correlated across contexts or across time, but not both (e.g. traits that satisfy the definition for behavioural syndromes but not the definition for personality), as well as a wide range of behavioural and physiological traits that have been hitherto ignored in the literatures on personality, coping styles, or behavioural syndromes.
II. BASIC CONCEPTS (1) Overview
Personality refers to individual differences in behaviour that are consistent both across contexts and across time. As such, personality is a complicated concept, because although it requires repeated measurements of the same individuals at different times and in different contexts, the focus is actually on the behaviour of individuals relative to one another, not on the absolute levels of behaviour expressed by individuals or by groups of individuals. Indeed, as we discuss below, it is perfectly possible for personality to be stable over a period of time even if the scores of individual subjects, and/or the mean score for all of the subjects, change dramatically over that same period of time. This emphasis on the behaviour of individuals relative to others is reflected in the use of descriptive phrases such as 'consistent individual differences', and by the use of correlations across individuals in behaviour expressed in different contexts and at different times to measure personality traits.
To date, most empirical studies of animal personality have relied on two methods: coding of animal scores in standardized tests, and subjective rankings of personality traits by human observers (Gosling, 2001) . Although both may generate comparable results (Feaver, Mendl & Bateson, 1986) here we focus on the first method, because researchers who currently use the ranking method explicitly assume that personality traits are expressed in different contexts and are stable across time, whereas standardized tests provide the data required to test these assumptions. A third method ('naturalistic observations' of behaviour, i.e. observations of unmanipulated animals in the field or in semi-natural settings) has occasionally been used for personality studies (e.g. McPhee & Quinn,1998; Natoli et al., 2005) , but this method is of limited value for studying the development of personality because it is difficult to ensure that all of the subjects in a study are observed in the same contexts, at the same ages, and across the same inter-observation intervals.
(2) Behaviour across contexts
Studies of animal personality may begin by focusing on consistency in behaviour across contexts or by focusing on consistency in behaviour across time. The contextual and temporal axes of personality are equally important, but since some indices of temporal consistency involve behaviour measured in different contexts, we begin here with contextual consistency. Definitions of important terms are provided in Table 1 , which is designed to help readers distinguish among terms that describe consistency in the behaviour expressed in different contexts at a given age and time (e.g. 'contextual plasticity') and terms that describe consistency in the behaviour expressed in one or more contexts at different ages and times (e.g. 'differential consistency'). In addition, we include terms that are crucial for any study of behavioural development, because they describe how environmental or experiential factors in the past affect the behaviour that animals express in a given context at a given time (e.g. 'developmental plasticity').
Herein, 'context' refers to all of the external stimuli surrounding an individual when it expresses a given behaviour. As such, context not only includes stimuli from the external environment (e.g. temperature, light conditions, structural features) but also stimuli from conspecifics (van Oers, Klunder & Drent, 2005b; Magnhagen, 2007; Webster, Ward & Hart, 2007) , predators, potential food items, and any other organisms that can be detected by an animal when it performs a given behaviour. Note that because this definition of context includes the entire range of stimuli that impinge on individuals when they express behaviour, context as used here differs from some of the ways this term has been used in the personality, coping style and syndrome literatures in the past. For instance, context here encompasses both 'situations' (different ecological conditions) and 'contexts' (different functional behavioural categories) as described by Sih et al. (2004b) . This allows us to avoid having to decide, a priori, the functional significance of the behaviour that the subjects perform in each context (see also below). In addition, this definition allows for a wide range of variation in contextual stimuli at the time of a test, from very subtle differences in contextual stimuli (e.g. comparing an individual's responses to conspecific same-sex intruders of different sizes or ages in its home cage) to major differences in contextual stimuli (e.g. comparing an individual's behaviour when it is exposed to cues from a predator in its home cage to its behaviour when it is placed in a large, novel area). Hence, for our purposes the sole requirement for studying consistency across contexts is that the behaviour of the same individuals is recorded in the presence of at least two different sets of external stimuli, regardless of whether those stimuli are produced by biotic (e.g. food, predators, conspecifics) or abiotic (e.g. size or structural features of the test arena, temperature, light) features of the external environment.
Similarly, we are interested in any behaviour patterns that animals perform in two or more different contexts. This allows us to consider both situations in which animals perform the same type of behaviour in different contexts, and situations in which animals perform different types of behaviour in different contexts, without having to decide whether the behaviour patterns in question are different from one another, based on assumptions about similarities in the form, motivational basis or functional significance of those behaviour patterns.
For example, imagine that we measure latency to approach a novel object in a home cage in one test, latency to enter a large, unfamiliar open area (an 'open field') in a second test, and then compute the correlation across individuals in the scores on both tests. Based on the form of the behaviour, we might assume that both tests measure the same behaviour (latency to approach). Based on assumptions about motivation or function, we might either decide that both tests measure the same type of behaviour (exploration), or that the two tests measure different types of behaviour (exploration in the first case, and boldness in the second). It all of the conditions and external stimuli that surround an individual at the time that it expresses behaviour contextual generality the extent to which scores for behaviour expressed in one context are correlated across individuals with scores for behaviour expressed in one or more other contexts, when behaviour in all of the contexts is measured at the same age and time contextual plasticity the extent to which the behaviour of a given agent varies across contexts, relative to the behaviour of other agents in those same contexts, when the behaviour in all of the contexts is measured at the same age and time contextual reaction norm a description of the patterns of variation in the behaviour expressed by an agent at a given age and time, as a function of the set of conditions (contexts) in which that agent expresses that behaviour developmental plasticity the extent to which the behaviour expressed by individuals with a given genotype in a given context at a given age and time varies as a function of the set of conditions experienced by those individuals before the behaviour was expressed developmental reaction norm a description of the patterns of variation in the behaviour expressed by individuals with a given genotype in a given context at a given age and time, as a function of the conditions experienced by those individuals before the behaviour was expressed. differential consistency the extent to which scores for behaviour in a given context at a given time are correlated across individuals with scores for the same behaviour in the same context at a later time. Also called broad-sense repeatability individual stability the extent to which an individual's behaviour in a given context changes over time. mean-level consistency the extent to which the mean value of the behaviour expressed by a group of individuals tested in a given context changes as a function of time niche-construction processes by which individuals create or encourage experiences or environments that affect their own subsequent development niche-picking processes by which individuals select or choose experiences or environments that affect their own subsequent development rank-order consistency a special case of differential consistency. Rank-order consistency indicates the extent to which the rank order of scores for a given behaviour measured in a given context at a given time are preserved if the same set of individuals is measured in the same context at a different time. structural consistency the extent to which correlations among behaviour patterns expressed in two or more contexts at one time are preserved when the same set of behaviour patterns is measured in the same set of contexts at a different time 1 these terms apply to any traits (e.g., including physiological traits) that vary across individuals and whose expression depends on conditions that surround the animal at the time the trait is expressed. However, since the current article focuses on personality, here we use behavioural traits to illustrate these concepts.
is not always obvious whether the behaviour patterns that animals express in the presence of different stimuli should be considered to be the same or different. Fortunately, as we will see below, the same framework for studying behavioural consistency across contexts can be used in both situations.
(a) Contextual generality and contexual plasticity
The term 'contexual generality', and its inverse, 'contextual specificity', refer to the extent to which scores in behaviour in one context are correlated across individuals with scores in behaviour in one or more other contexts, where high contextual generality indicates that the rank order of scores across individuals is maintained across contexts. Thus, contextual generality describes the behaviour of groups of individuals. Of course, in order to compute indices of contextual generality, it is necessary to measure the same individuals in two or more different contexts. These data can be used to compute another index, contextual plasticity, which refers to the behaviour of single individuals in different contexts. 'Contextual plasticity' refers to the extent to which the behaviour of a given individual, relative to the scores of others in the same group, varies as a function of the context in which that individual expresses behaviour. For instance, one individual might have a relatively low latency to attack a conspecific opponent in its home cage and also have a relatively low latency to attack a conspecific in a novel arena (low contexual plasticity), whereas another individual might have a relatively low attack latency in its home cage but a relatively high attack latency in a novel arena (high contextual plasticity). There is a direct relationship between contextual generality at the group level and contextual plasticity at the individual level, because a high value of contextual generality for the group as a whole requires that most of the individuals within the group have low contextual plasticity. Thus far, virtually all studies of the effects of context on behaviour in the animal personality literature have focused on contextual generality, but as we discuss below, contextual plasticity is also worthy of attention. One clear message from recent empirical studies of personality in animals is that intuition provides an unreliable guide to which behavioural traits or tendencies are likely to be contextually general and which are likely to be contextually specific (for discussion of this topic, see Coleman & Wilson,1998; van Oers et al., 2005b; Bell, 2007) . Traditionally, ethologists have tended to assume that behaviour patterns that appear to serve the same function are controlled by the same underlying motivational system (e.g. aggression, exploration, anti-predatory behaviour; for an influential paper, see Baerends, 1976) . Under that assumption, one would expect behaviour patterns within the same functional system to be correlated with one another across individuals. Sometimes this is the case: in three-spined stickleback, Gasterosteus aculeatus, scores on behaviour in one 'exploratory' context (patterns of movement in an open field) are correlated with scores in a different context (response to a novel object in a familiar tank) . However, in the great tit , Parus major, a similar correlation was found in one selection line, but not in another (Carere et al., 2005a) . In dumpling squid, Euprymna tasmanica, scores on two tests that a priori were assumed to reflect 'boldness' were uncorrelated with one another in both juveniles and adults (Sinn & Moltschaniwskyj, 2005; Sinn et al., 2008) .
Intuition has also proven untrustworthy in predicting correlations across individuals in behaviour patterns that are expressed in very different functional contexts. Indeed, the recent surge of interest in personality by animal behaviourists has, in large part, been driven by surprise at detecting correlations across individuals in behaviour expressed in different functional contexts (Bell, 2007) . Examples include correlations between behaviour expressed in the presence of conspecific intruders ('aggressiveness') and behaviour in potentially dangerous situations ('boldness') (Huntingford, 1976) , or between responses to potential food items ('foraging') and responses to potential mates ('reproduction') (Johnson & Sih, 2005) . Because it is inadvisable to rely on assumptions about the contextual generality of behaviour, one of the first tasks in any study of animal personality is to document correlations across contexts in behaviour. The nature of these correlations may then guide us in unraveling the underlying (developmental) mechanisms that control those behaviours, and test the assumption that behaviours that seem to belong to the same functional system are generated and maintained by the same underlying physiological mechanisms.
(b) Using contextual reaction norms to study variation in behaviour across contexts 'Reaction norms' are defined as the range of phenotypes that can be produced by individuals with a given genotype, where 'genotype' indicates all of the genes within an individual (Schlichting & Pigliucci, 1998) . Defining genotype in terms of all of the genes in an individual instead of focusing on specific genetic loci is advisable because the effects of genes on behavioural phenotypes are sensitive to variation in genetic background (other genes within the same individual) (Hofmann, 2003; Anholt, 2004) , and because behavioural traits, including personality traits, are typically influenced by many genes of small effect (Munafo et al., 2003; Kendler & Greenspan, 2006; Shifman et al., 2008) . When reaction norm approaches are used to study individual differences in traits for the members of a single population, clones, inbred strains or lines, or (more approximately) selected lines or siblings may be used as representatives of the same genotype (Fuller, Sarkar & Crews, 2005; Kingsolver et al., 2006; Williams, 2008) .
Historically, reaction norms were developed to study how environmental conditions experienced early in life interact with genes to affect the development of morphological or lifehistory traits (Schmalhausen, 1949; Schlichting & Pigliucci, 1998; West-Eberhard, 2003; Fuller et al., 2005) . This question was typically addressed by raising individuals derived from different populations or species ('genotypes') in different environmental conditions, and then focusing on the mean values of morphological or life-history traits as a function of two factors: the population or species of origin, and the environmental conditions in which the subjects were raised (Gotthard & Nylin,1995; Schlichting & Pigliucci, 1998) . The result was a 'developmental reaction norm' for each of the genotypes in the study. Of particular interest were situations in which reaction norms differed across genotypes. When reaction norms could be modeled using linear equations, the reaction norm for each genotype could be specified by the slope and the intercept of their line (Pigliucci, 2001 ). Reaction norms with more complicated shapes were modeled using non-linear equations, which yielded parameter values reflecting the shape and/or the position of the reaction norms of the different genotypes (Gibert et al., 1998; Pigliucci, 2001; Izem & Kingsolver, 2005) . In turn, the reaction norm of a genotype could be used to estimate its 'developmental plasticity', a term which specifies the extent to which the trait values of a given genotype vary as a function of variation in the environments in which individuals in that genotype developed (Schlichting & Pigliucci, 1998; Pigliucci, 2001; West-Eberhard, 2003) . Developmental reaction norms and developmental plasticity are core concepts for the study of personality development, and are discussed in detail in Section III.
As reaction norm perspectives began to be applied to behaviour, it became obvious that there is more than one way that environmental conditions can lead to different phenotypes for individuals with the same genotype. In addition to traditional developmental reaction norms, which describe how environmental conditions and experiences in the past affect trait values at the current time, current trait values can also vary as a function of contextual stimuli at the time of a test. To separate the latter from developmental reaction norms, we suggest a new term: 'contextual reaction norm'. There was no need to consider contextual reaction norms when biologists focused on morphological traits, which change slowly, if at all, as a function of stimuli around the experimental subjects at the time of measurement. However, the same can not be said of phenotypic traits that do vary as a function of the stimuli surrounding an animal when those traits are expressed. Many physiological traits (e.g. stress responses; Ellis, Jackson & Boyce, 2006) vary as a function of stimuli that impinge on the subjects at the time of trait expression, so the concept of contextual reaction norms is not restricted to behaviour.
Contextual reaction norms are of two types: those based on the mean scores of different individuals with the same genotype, and those based on the scores of individual animals (Sih et al., 2004b; Reale et al., 2007) . In both cases, the scores for the same agent (genotype or individual) are measured in two or more different contexts. When studying behavioural traits, contextual reaction norms can be studied in relation to variation in factors in the physical environment [e.g. the ambient temperature during the test (Brodie & Russell, 1999) ] or variation in factors in the social environment [e.g. the behaviour of other individuals with whom the agent is currently interacting (Taylor & Day, 2004; Smiseth, Wright & Kolliker, 2008) ].
Contextual reaction norms are illustrated in Fig. 1 for a situation in which the behaviour of five different agents (roman numerals I -V) is measured in three different contexts (1, 2 or 3) at, as nearly as possible, the same age and time. The data could represent five different individuals, or the average scores of five groups of animals with genotypes I -V. In this example, contextual generality is reasonably high, i.e. the rank order of scores of these five agents is nearly the same in the three different contexts. However, the non-parallel lines in Fig. 1 indicate that contextual plasticity differs among the agents, e.g., across these three contexts, agent I is more contexually plastic than agent V. , each of which was tested at the same age and time in three different contexts, 1, 2 and 3. For developmental reaction norms, the diagram indicates the mean scores of individuals with five different genotypes (I -V) which were exposed to three different sets of conditions, 1, 2 or 3 before being tested in a single context.
Fig. 2. Contextual norms of reaction for escape behaviour in
Paradise fish, Macropodus opercularis. Escape behaviour (duration of rapid to-and-fro movements) for individuals from nine inbred lines and crosses between inbred lines, all of which were raised under the same conditions and then tested as adults in four different contexts: 1: home tank, 2: open field, 3: small novel tank, and 4: small novel tank + moving object. Based on data in Gerlai & Csanyi (1990) . (Gerlai & Csanyi, 1990) . Contextual generality was relatively high: genotypes that had relatively low escape scores in their home tank also tended to have relatively low escape scores in the other three test contexts. At the same time, there was significant variation among the genotypes in contextual plasticity, reflected in Fig. 2 by variation among the genotypes in the shape of their contextual reaction norms. As a result, scores for escape behaviour were not only affected by genotype and by the test environment, but also by interactions between genotype and the test environment (Gerlai & Csanyi, 1990) .
Contextual generality and variation among individuals in contextual plasticity can be studied using various statistical methods, including random regression models (reviewed in Nussey et al., 2007) . When contextual stimuli vary continuously across a gradient, it may be possible to fit random regression models using linear equations. However, more complicated models (e.g. Kirkpatrick & Heckman, 1989; Schaeffer, 2004) may be required when contexts do not fall along a continuum (e.g. as in Fig. 2 ), or when behaviour varies non-linearly as a function of context.
Contextual reaction norms can be useful for studying individual differences in behaviour even if contextual generality is low at the group level. In such cases, one can still ask whether individuals in the group differ with respect to their contextual plasticity, or whether low contextual generality at the group level is primarily a result of high contextual plasticity for certain categories of individuals (e.g. individuals of a given genotype, age, sex or reproductive state). Hence, contextual reaction norms can offer insights about individual differences in behaviour in different contexts regardless of the degree of contextual generality for the group as a whole.
Although contextual reaction norms can be estimated for both genotypes and individuals, it is much easier to approach the goal of ''measuring behaviour in different contexts at the same age and time'' using the former than using the latter. When using representatives of different genotypes to study contextual reaction norms, it is feasible to test each subject just once, and (in principle, at least) at exactly the same age and time. However, contextual reaction norm studies of individuals require a different test for each context, i.e. multiple tests conducted over non-trivial periods of time. In addition, obtaining reliable estimates of behaviour in a single context may also necessitate multiple tests of each individual (see Fleeson, 2004 , for discussion of this problem when personality traits are measured in humans). Repeated testing of the same individuals means that processes such as habituation or sensitization, effects of behaviour expressed in one context on behaviour expressed in other contexts, changes in condition, nutritional state, and other state variables, and a variety of other processes can affect an individual's scores in successive tests. In turn, interindividual variation in temporal processes can affect estimates of personality traits at both the group and the individual level (Martin & Reale, 2008 , see also below). Hence, measuring the contextual reaction norms of individuals requires that we expand our thinking into the temporal dimension.
(3) Temporal consistency and personality traits (a) Stability and ontogenetic change
The second key criterion of personality traits is that they should be consistent within individuals for a period of time (Caspi et al., 2005; Reale et al., 2007) . By contrast, the phrase 'development of personality' implies that the behaviour expressed in a given context, or correlations between behaviour patterns expressed in different contexts, may change over the course of an animal's lifetime. Hence, anyone interested in the development of animal personality traits must consider temporal consistency over two different intervals: short intervals to determine whether behaviour is sufficiently consistent across time to be included in a study of personality, and longer intervals to determine how behaviour changes over the course of a lifetime.
The inter-test or inter-observation intervals used in studies of animal personality may be measured using absolute units of time (weeks, months, years) or using units standardized to the life history of the study species (e.g. proportion of the time from birth/hatching to sexual maturity). For comparative studies of species with similar life histories, absolute time units may be adequate, e.g. Uher, Asendorpf & Call (2008) measured personality traits of four species of long-lived great apes over the same (two week) inter-test interval. However, comparative studies of personality development involving a wider range of taxa are likely to require standardized inter-test intervals. For instance, relative to age at maturity for both species, two weeks in the life of a dumpling squid Euprymna tasmanica (Sinn & Moltschaniwkskyj, 2005) is roughly equivalent to three years in the life of a human (Robson & Wood, 2008 )! In addition, information about age of maturity and the timing of other important life-history transitions can be used to formulate and test proximate and ultimate hypotheses about the development of personality (e.g., see Section IV.7). Hence, we suggest that studies of animal personality include information on the age at maturity for their subjects. In humans, the amount of change in personality increases as a function of the amount of time between successive tests (Schuerger, Zarrella & Hotz, 1989; Roberts & DelVecchio, 2000) , and the same may be true of animals (Dingemanse et al., 2002; reviewed in Bell, Hankison & Laskowski, 2009 ). Since behavioural tendencies that are relatively stable over short periods of time are likely to change over longer periods, researchers need to consider carefully the inter-test or inter-observation intervals that are appropriate for their species and for the questions addressed in their study.
(b) A lexicon
A major challenge for students of the development of animal personality is determining how to measure temporal changes in behavioural traits and relationships among them. Fortunately, psychologists studying personality development in humans have already confronted this challenge, and have assembled a lexicon to describe a number of different ways of measuring temporal changes in behaviour (Caspi & Roberts, 1999 Roberts, Caspi & Moffitt, 2001; De Fruyt et al., 2006) . For current purposes, four of these terms are most relevant: 'mean-level consistency' (also called normative consistency), 'differential consistency' (also called repeatability), 'structural consistency', and 'individual stability'. The first three of these terms summarize patterns of temporal consistency in behaviour for the members of a group; by contrast, individual stability describes the temporal consistency of behaviour at the level of the individual.
Mean-level consistency is the traditional method of measuring temporal changes in behaviour. It estimates the extent to which the mean value for the score for behaviour expressed in a given context changes when the same set of individuals is tested in the same context at a later time. Mean-level consistency provides a 'backdrop' for any study of personality development, by indicating the general pattern of change in behaviour for all of the subjects over the intertest interval. In animals, dramatic changes in mean-level values of animal personality traits can occur as a function of a number of factors, including age (Carere et al., 2005b) , life-history stage, and season (Dingemanse et al., 2002) , so it is important to ensure that indices used to measure other types of temporal consistency are not affected by temporal changes in mean trait values.
Differential consistency describes the extent to which subjects maintain their behaviour scores in a given context across time, relative to the scores of all of the other individuals in the same study. High levels of differential consistency can occur even if the behaviour of every individual in the sample changes over time, since this term refers to the consistency of behavioural differences among individuals, Fig. 3 . Temporal changes in personality traits. Scores for behaviour expressed in a given context are indicated for four agents, I-IV (either the scores of individuals or the mean scores for individuals with the same genotype) for tests conducted at two different times (1,2). Despite a decline in the mean score from time 1 to time 2 (low mean-level consistency), differential consistency is reasonably high across this test-retest interval. At the individual level, individual stability is higher for agent II than for agent I.
not their absolute scores. High differential consistency can occur even if mean-level consistency is low (e.g. Fig. 3 ). Because differential consistency is computed using data collected on interval scales, this index not only indicates whether some individuals have higher or lower scores than others, but also the extent to which their scores differ from one another. Rank-order consistency is a special case of differential consistency. Because this index is based on an ordinal scale, it describes the extent to which the rank order of the scores of different individuals within the same sample is preserved over time, but ignores information about the extent to which their scores differ from one another.
Differential consistency can be measured using indices of 'repeatability' in the broad sense of that term, where repeatability is measured by computing correlations across individuals for their scores on the same behaviour in the same context at different times. In the animal behaviour literature, the two most commonly used indices of repeatability are the product-moment correlation r, and the intra-class correlation τ , where τ is 'repeatability' in the narrow sense of the term, based on equations derived and used by quantitative geneticists (Lessells & Boag, 1987; Falconer & Mackay, 1996) . However, since τ is very sensitive to changes in the mean value of traits in repeated samples (Hayes & Jenkins, 1997) , r provides a more useful index of differential consistency than τ for inter-test intervals when mean-level consistency is low.
Structural consistency describes temporal changes in relationships among behaviour patterns that individuals express in more than one context. This term refers to the extent to which correlations among behaviour patterns expressed in two or more contexts at one time are preserved when the same set of behaviour patterns is measured in the same set of contexts at a later time. Hence, structural consistency applies both to situations in which the same type of behaviour is expressed in different contexts and to situations in which different behaviour patterns are expressed in different contexts. This index of temporal change is crucial for studies of animal personality, because the term personality implies that if scores for behaviour expressed in different contexts are correlated across individuals at one time, those same scores will also be correlated with one another at a later time.
Note that structural consistency can vary independently of differential consistency. For instance, in juvenile brown rockfish, Sebastes auriculatus, feeding behaviour in the presence of a predator and feeding behaviour in the absence of a predator were significantly correlated with one another across individuals in two assays conducted 10 days apart (high structural consistency), but the scores of individual fish were not correlated with one another across the same testretest interval (low differential consistency) (Lee & Bereijikian, 2008) . Brown rockfish mature at three to six years of age (Love & Johnson, 1998) , so that one would expect personality traits to be both differentially and structurally consistent across a inter-test interval of only 10 days. High structural consistency coupled with low differential consistency across longer inter-test intervals tell us how personalities change over the course of a lifetime. For instance, in a population of three-spined stickleback, 'boldness' (response to food in the presence of cues from predators) and 'aggressiveness' (response to a conspecific) were positively correlated with one another across individuals in both juveniles and adults, but individuals who were highly bold and aggressive as juveniles were not necessarily also highly bold and aggressive as adults (Bell & Stamps, 2004) . In the simplest situation (behaviour measured in two different contexts at two different times), structural consistency can be evaluated by comparing the strength of correlations between the two scores in the first pair of tests with the strength of the correlations between the same two scores in the second pair of tests.
The fourth index of temporal change in personality traits, individual stability, is the only term on our list that describes the behaviour of individuals, as opposed to summarizing temporal changes in behaviour for the group as a whole. Individual stability refers to the extent to which an individual's score on a given behavioural trait, measured in a specific context at one time, changes if the same behaviour is measured in the same context at a later time (Asendorpf, 1990 (Asendorpf, , 1992 Roberts, et al., 2001 . Regardless of the patterns of temporal consistency across the entire sample, different individuals within that sample may differ with respect to the degree to which their scores change over time. For instance, in Fig. 3 there is a general tendency for mean scores to decline from time 1 to time 2, but the score for individual I changed more over this interval than did that of individual II. Although animal behaviourists are usually not interested in the behaviour of single subjects, indices of individual stability can be used to compare the extent of temporal change in behaviour for different subgroups within an original group or sample, e.g. males versus females, or individuals with extreme scores versus those with intermediate scores.
Several methods have been used to measure individual stability, including the individual stability statistic (ISS) (Asendorpf, 1990 (Asendorpf, , 1992 and the reliable change index (RCI) . Of these, the ISS is more likely to be useful for animal studies than the RCI, because the latter is based on assumptions that may not be valid for animal personality traits, e.g. that individual scores are normally distributed and that measurement error accounts for a large proportion of the variance in the scores of the same individuals at different times (Jacobson & Traux, 1991) . Sinn et al. (2008) provide a helpful introduction to the use of ISS in animal personality studies.
Indices of individual stability estimate the amount of temporal change in an individual's behaviour in a given context over time, regardless of the direction of that change. Complications can arise, however, if the goal of a study is to describe the direction of temporal change for subsets of individuals who had extreme scores (either extremely high or extremely low) on an initial test. The reason is a statistical phenomenon called 'regression to the mean', which occurs when an individual's score on a given test is partly due to measurement error, to uncontrolled (random) events, or to its internal state, and when those errors, events or states are unlikely to be the same when the same individual is tested again (Bland & Altman, 1994) . In this situation, individuals who had very high scores in an initial test would be expected, simply by chance, to have lower scores on subsequent tests, while individuals who had very low scores in an initial test would be expected by chance to have higher scores on subsequent tests. By contrast, individuals with average scores on an initial test would, by chance, be equally likely to have higher or lower scores on subsequent tests. Statisticians have developed several methods to correct for biases due to regression to the mean (reviewed in Tu & Gilthorpe, 2007) , but these methods are based on underlying assumptions about the factors that are responsible for temporal changes in test scores, and it is currently unclear whether and how these assumptions apply to personality and other behavioural traits.
Finally, we can begin to appreciate how variation among individuals in the stability of their behaviour over time (individual stability) might affect the contextual reaction norms and contextual plasticity of those individuals. As was noted above, in order to measure the contextual reaction norms of individual animals, one is forced to measure their behaviour in different contexts at different times. If an individual's behaviour over the entire testing period is highly stable in each context (e.g. individual II in Fig. 3 ) then it would be reasonable to use its scores in different contexts to measure its contextual reaction norm and contextual plasticity. However, if an individual's behaviour over the testing period is temporally unstable in one or more of the contexts (e.g. individual I in Fig. 3 ), then data collected in tests conducted in different contexts at different times would not provide an accurate estimate of its contextual reaction norm at any given time. For instance, individuals with low individual stability over the testing period might (erroneously) appear to be highly contextually plastic. This problem can not be solved by measuring differential consistency at the group level, since individual stability can vary among the individuals within a sample, even if differential consistency at the group level is relatively high. In fact, narrow-sense repeatability values (one index of differential consistency, see above) for personality traits are generally in the neighborhood of 0.30 -0.50 , implying that the behaviour of many individuals was temporally unstable over the inter-test intervals used in these studies.
Hence, researchers interested in studying contextual generality and contextual plasticity can not simply assume that the behaviour of every individual in every context is temporally stable across the testing period. If this assumption is invalid, researchers run the risk of conflating individual differences in contextual plasticity (variation in the behaviour expressed in different contexts at the same time) with individual differences in individual stability (variation in the behaviour expressed in a given context at different times); for further discussion of this issue, see Section IV.8. As was noted earlier, the potential effects of temporal changes in behaviour on estimates of contextual reaction norms and contextual plasticity can be circumvented by using individuals with different genotypes to study contextual reaction norms, since in this case it actually is possible to test the representatives of each genotype at the same time in different contexts by using different individuals with the same genotype.
(4) Criteria for animal personality traits
It should by now be apparent that the concept of animal personality is more complicated than intuition might suggest. The term 'personality' implies that individuals within the same group, sample or population express different levels of the same behaviour pattern, or different behaviour patterns, in the same context at a given age and time. In addition, personality assumes some degree of contextual generality: scores for the same behaviour expressed in two or more contexts, or scores for different behaviour patterns expressed in two or more contexts, should be correlated with one another across individuals or genotypes at a given age and time. Contextual generality is implicitly assumed even in studies in which a particular 'personality trait' is measured in just one context. For instance, when researchers estimate aggressiveness using a mirror test, they assume that their subjects' scores on this test would be correlated with the same individuals' responses to conspecific opponents under natural conditions, even if they do not test this assumption (e.g. Boon, Reale & Boutin, 2007) . Third, personality traits are assumed to be both differentially and structurally consistent across time. That is, personality not only requires that individual scores in a given context at one time be positively correlated with their scores in the same context at a later time (differential consistency), but also that correlations between the same behaviour in different contexts, or between different behaviours in different contexts, measured at one time will be maintained if the same behaviours in the same individuals are measured in the same contexts at a later time (structural consistency). Both types of temporal consistency need to be documented, since structural consistency can occur without differential consistency. Note that all of these criteria for personality (individual differences in behaviour, contextual generality, differential consistency and structural consistency) all apply at the group level. Regardless of whether or not behavioural traits satisfy all of these criteria, individual-level indices of behaviour (contextual reaction norms, individual stability) can still be useful for studying how different individuals or genotypes behave in different contexts at the same time, or how the behaviour expressed by individuals or genotypes in a given context changes over time.
These criteria for personality raise questions about how strong correlations across individuals, contexts and time must be for behaviour patterns in animals to be considered personality traits or behavioural syndromes (Sih & Bell, 2008) . As a practical matter, given the small sample sizes, high intra-individual variability, and low statistical power that are typical of animal personality studies, correlations among behaviour patterns across contexts or across time must be at least in the moderate range (e.g. above 0.3) to reach statistical significance in most empirical studies. However, even if animal researchers had access to the large numbers of subjects available to psychologists who study human personality, it would not be advisable to specify minimum effect sizes as cut-off criteria for animal personality traits. For instance, if scores on the same test given one week apart were related across individuals with a Pearson r correlation coefficient of 0.20, should we consider this behaviour to be differentially consistent because the scores were significantly correlated with one another with a P value of 0.001, or should we consider this behaviour to be differentially inconsistent because the correlation coefficient was relatively low?
We suggest that instead of trying to devise criteria to divide personality traits from other types of behavioural traits that are more variable across contexts or across time, it might be more profitable to use the concepts required to study personality development to address general questions about the contexual generality and temporal consistency of behavioural traits. For instance, we can use the framework outlined above to ask why some behavioural traits satisfy the criteria for behavioural syndromes but not those for personality [e.g. why 'boldness' in dumpling squid is consistent across time but not across contexts (Sinn et al., 2008) ], whereas other behavioural traits satisfy both sets of criteria [e.g. why 'exploratory behaviour in wild great tits is correlated across both time and contexts (Verbeek, Drent & Wiepkema, 1994) ]. Hence, at either the proximate or the ultimate level, we can use this framework to ask why certain behaviour patterns are more contextually general, differentially consistent or structurally consistent than others across ontogeny, why some traits are more strongly correlated with one another across either contexts or time in one population or species than another, or when and why contextual or temporal correlations between behavioural traits change over the course of a lifetime.
III. GENE-ENVIRONMENT INTERACTIONS AND CORRELATIONS
(1) Developmental reaction norms for personality studies Developmental reaction norms provide an ideal framework for studying one of the most challenging questions about development, namely how specific types of experiences or exposure to environmental conditions in the past affect the expression of phenotypic traits at a given age or time. When used to study the development of individual differences in behavioural traits, a developmental reaction norm study involves exposing individuals with different genotypes to different sets of conditions, after which the behaviour of all of the subjects is tested at the same age and time in the same context. Fig. 1 , previously used to illustrate contextual reaction norms, can, with a few minor modifications, also serve to illustrate developmental reaction norms. In this case, scores for the behaviour expressed in a single context are measured for individuals with five different genotypes (roman numerals I -V) which have been exposed to three different sets of conditions (1, 2 or 3) prior to the test. Prior exposure to condition 1 leads to higher average scores than does exposure to condition 3. However, the five genotypes have different developmental reaction norms (non-parallel lines), indicating that genotype and experiential factors prior to the test interact to affect an individual's scores on the test. Fig. 1 also indicates that for these three developmental conditions, genotype I is more developmentally plastic than genotype V. As we will see later (Section III.3), developmental reaction norms can also be used to illustrate gene-environment correlations (rGE), i.e. correlations between an individual's genotype and its developmental environment.
Note that parallel slopes in developmental reaction norm experiments should not be taken as evidence that geneenvironment interactions do not affect the development of that phenotypic trait in that species. This is because it is often difficult to predict a priori which experiential factors are likely to affect the development of personality traits, or when during ontogeny biologically salient experiential factors are likely to affect behavioural development (cf. the concept of 'sensitive periods': Bateson, 1979) . As a result, lack of evidence of individual differences in developmental plasticity may indicate that the investigator tested the wrong experiential factor, or exposed the subjects to the right factor at the wrong time or for the wrong duration. In addition, as is discussed in the next section, interactions between genes and experiential factors can have strong impacts on behavioural development well before experimental subjects are old enough to be placed in the different 'environments' that are of specific interest in a developmental reaction norm study. Hence, findings indicating variation among genotypes in developmental plasticity may be more informative than results that fail to detect variation across genotypes in their developmental reaction norms.
(2) Using genotypes as 'replicate individuals' to measure the effects of I, E and IxE on the development of personality traits As was noted in Section II, developmental reaction norms were originally designed to study how genes and experiential factors interact to affect the development of phenotypic traits. In the 'ideal' reaction norm study, a large number of individuals with different genotypes would be raised from conception under two or more sets of environmental conditions, and then their phenotypes would be measured. The results could then be used to address questions at the group level, e.g. to estimate the effects of genes (G), environmental factors (E), and the interactions between genes and environmental factors (GxE) on the development of phenotypic traits. In addition, this sort of study could be used to address questions at the genotype level, e.g. whether certain genotypes were more developmentally plastic than others.
Unfortunately, it is virtually impossible to design a developmental reaction norm experiment such that differences in the phenotypes of genotypes raised in the same environment can be directly attributed to genetic differences among those genotypes. The basic problem is that phenotypic traits are the product of continuous interactions between genes and experiential factors (including maternal effects) that begin at conception (Jablonka, 2007) , but empiricists must wait until their subjects have grown to a more advanced stage of development before providing the different 'environments' or 'experiences' that are the foci of the reaction norm study.
For instance, parents with different genotypes not only produce offspring with different genotypes, but they may also differ with respect to experiential factors and environmental conditions that they provide to their offspring, e.g. substances mothers deposit in their eggs, conditions in utero, or variation in parental behaviour early in life (Mendl & Paul, 1991; Arnold et al., 2007 : Curley et al., 2008 . Recently it has become apparent that parental effects have profound impacts on the development of behavioural traits, including personality traits, in animals Uller, 2008) .
Since egg quality and, in many species parental care, is under the control of mothers, thus far most authors have focused on the ways that maternal effects might affect the development of personality traits (review in Reale & Dingemanse, in press ). For example, it has been suggested that differences in maternal androgen deposition in the eggs of lines of great tits artificially selected for bold and shy behaviour may contribute to the differentiation in personality in this species Groothuis et al., 2008) . Some maternal effects on offspring development may be circumvented by experimental designs that use offspring with the same father but different mothers as representatives of different genotypes (e.g. Sinn et al., 2006; Zhou et al., 2008) . However, this practice does not control for differential maternal allocation, a process in which maternal effects from mothers vary as a function of phenotypic traits in the males with whom those females mated (Burley, 1981; Gil et al., 1999; Stamps, 2003) , or for situations in which experiences of fathers affect the expression of genes that they transmit to their offspring (paternal epigenetic inheritance: Crews et al., 2007) . Thus far, most of the research on paternal epigenetic inheritance has focused on the adverse effects of a male's exposure to toxins on the health of his offspring (Cordier, 2008) , but there are indications that paternal experiences may also affect the expression of genes that affect the behaviour of their offspring (Crews et al., 2007) . In that situation, of course, differences in the behaviour of offspring sired by different fathers could be affected by both experiential and genetic differences among those sires. In addition, siblings can affect one another's development prior to birth or hatching (Clark & Galef, 1995) , and siblings or other conspecifics can mutually affect one another's behavioural development if they are group-housed before they are placed in the developmental environments of interest to the experimenter. For instance, in laboratory strains of house mice, Mus musculus, the genotypes of the littermates with whom a focal individual is raised have substantial effects on the expression of aggressive and reproductive behaviour of that focal individual later in life (Crews, 2008) . Many of the effects of parental or personal experience on behavioural development described above were unsuspected until very recently, suggesting that other types of experiential factors with profound effects on behavioural development have yet to be discovered.
Many of the early experiential factors that affect behavioural development systematically vary across the lines, strains, clones or sibships that might be used to represent different genotypes in reaction norm studies, leading to geneenvironment correlations. As a result, even if researchers were able to place their experimental subjects in their respective developmental environments immediately after birth or hatching, the phenotypes of those subjects would already have been shaped by experiential factors that were similar for individuals with the same genotype, but different for individuals with different genotypes. Hence, while a reaction norm experiment can provide valuable insights into the ways that environmental factors interact with genes to affect behaviour, it would be a mistake to assume that any differences in the behaviour of individuals with different genotypes can be attributed to differences in their genetic makeup.
Instead, we suggest that when animals with different genotypes are used in developmental reaction norm studies, they might be viewed as approximations of 'replicate individuals', i.e. individuals who not only have similar genotypes, but who have also experienced similar maternal effects, paternal effects and sibling effects before being placed in the different developmental conditions that are of interest Biological Reviews 85 (2010) 301-325 © 2009 The Authors. Journal compilation © 2009 Cambridge Philosophical Society in that study. This approach relies on the assumption that variation in conditions that affect behavioural development, as well as variation across individuals in their responses to those conditions, is likely to be smaller within genotypes than across genotypes. In addition, researchers can control experimentally or statistically for some of the factors (e.g. birth or hatch order) that are known to contribute to variation in behavioural phenotypes within genotypes.
When individuals with the same genotypes are viewed as replicate individuals, developmental reaction norm studies can be used to obtain rough estimates of the effects of I (the phenotype of individuals who share the same genotype and who experienced similar conditions prior to the beginning of the study), E (the environmental condition in which individuals experienced prior to testing) and IxE (interactions between I and E on the development of the phenotypic traits of interest) on the development of personality and other traits. Because the goal has shifted from trying to identify the effects of G and GxE on phenotypic development to studying the effects of I and IxE on phenotypic development, it is also no longer critical to begin studies with animals who are as young as possible when they are first placed in different developmental environments. Instead, researchers can begin with individuals at older ages and life stages, as long as care is taken to ensure that all of the experimental subjects have been kept in conditions as similar as possible before they are placed in the different developmental environments of interest.
This is not to say that one cannot investigate the effects of genes on the development of personality, as long as the limitations of the available methods are understood. For instance, heritability estimates based on comparisons of the behaviour of genetically related individuals (e.g. parents with their offspring, or siblings with one another) can be used to study the effects of genes on personality development (e.g. Sinn, et al., 2006; Saetre et al., 2006) , but these methods suffer from many of the same problems outlined above. Artificial selection for lines with extremely high or low values of personality traits has also been used to estimate the effects of genes on those traits (e.g. Drent, van Oers & van Noordwijk, 2003; van Oers et al., 2005a , see also below). However, since selection takes place at the level of the phenotype, estimation of gene-environment correlations and interactions based on selected lines is not always easy. The use of modern genetic manipulations such as transgenic animals may be helpful, although evidence that most behavioural traits are affected by many genes of small effect (see above) suggests that it may be difficult to find single genes with large effects on personality development. However, there are hints that single genes may affect personality traits in some species. For example, insertion of the gene for the arginine vasopressin receptor from prairie voles (Microtus ochrogaster) into laboratory house mice induced prairie vole-like anxiety, affiliative and mating behaviours in the transgenic mice (Pitkow et al., 2001) .
A final, general limitation of many of the methods used to estimate the effects of genes on behaviour is that the experimental subjects are typically exposed to just one set of conditions prior to testing. As a result, estimates of the effects of genes on behavioural phenotypes are only valid for individuals exposed to that same set of conditions (Lewontin, 1974; Stamps, 2003; West-Eberhard, 2003) . However, one of the major insights to be gained from a reaction norm perspective is that the proportion of phenotypic variation that can be attributed to genetic variation is likely to vary as a function of the conditions experienced by the study animals prior to the time or age of testing. In addition to the effects of experience on behavioural development outlined above, animals with different genotypes may also systematically differ with respect to the physical or social environments in which they develop, as a result of processes such as nichepicking or niche-construction (see Section III.3). As a result, experiments in which all of the subjects are raised under a single set of environmental conditions in the laboratory may not provide accurate estimates of the effects of genes on personality traits in nature. Although tempting, finding evidence for effects of genes does not tell us much about environmental influences and vice versa. Moreover, both may have similar effects on personality traits, as is the case for the effects of artificial selection versus manipulation of the litter sex ratio on the aggressiveness of male house mice (Mendl & Paul, 1991) .
(3) Niche-picking and niche-construction
Developmental reaction norms also provide a useful framework for thinking about the effects of an individual's own behaviour on its developmental environment. Correlations between an individual's genotype and its own developmental environment (gene-environment correlations, rGE), or correlations between an individual's phenotype at a given age, time or life stage and its subsequent developmental environment (rIE) do not arise in traditional reaction norm studies, in which subjects with particular genotypes are forced to develop in environments selected by the investigator. By contrast, the subjects of human personality studies have considerable control over their own developmental environments. Psychologists studying the development of personality have long appreciated that correlations between an individual's phenotype at a given age and the environments in which that individual subsequently develops can occur for a variety of reasons (Plomin, Defries & Loehlin, 1977) . For current purposes, two processes are particularly relevant: 'niche-picking' and 'niche-construction' (also known as niche-building) (Scarr & McCartney, 1983; Rutter & Silberg, 2002; Caspi et al., 2005; Jang, 2007) . Niche-picking occurs when individuals with a given phenotype choose a particular set of conditions in which to live, while niche-construction occurs when individuals with a given phenotype shape the conditions in which they live.
When applied to personality development, nicheconstruction refers to situations in which different individuals in the same population create or encourage different sets of experiences for themselves (Plomin et al., 1977) . For instance, niche-construction in the social realm would occur when aggressive acts and threat displays by a focal individual encourage conspecifics to avoid or behave submissively to that focal individual in the future (Drummond, 2006; Kutsukake & Clutton-Brock, 2008) . However, nicheconstruction does not require overt behaviour on the part of an actor. A possible example of niche construction in which cues emitted by one individual affect the social behaviour of others is implied by studies showing that cues emitted by sick animals cause other members of the same species to avoid contact with the infected animal (Renault, Gheusi & Aubert, 2008; Richard, Aubert & Grozinger, 2008) .
Niche-picking and niche-construction may have long-term effects on the developmental environment experienced by a given individual. For instance, variation in 'sociality' at the stage of life when an individual chooses its own social environment would have a major impact on that individual's subsequent social environment if more-social individuals choose to settle in large social groups or densely populated neighbourhoods, whereas less socially-inclined individuals choose to settle by themselves, in smaller groups, or at lower population densities. To our knowledge correlations between scores for sociality prior to dispersal and choice of a post-dispersal habitat have not yet been demonstrated. However, Cote & Clobert (2007) asked a related question, namely whether scores for 'social tolerance' prior to dispersal were related to the probability of dispersal from the site of origin. They found that juvenile lizards (Lacerta vivipara) who dispersed away from low density sites had scored higher on a test of social tolerance soon after birth than juveniles who did not disperse from low density sites, and conversely, that juveniles who dispersed away from high density sites tended to have lower scores for social tolerance than those who remained at those sites.
More generally, an important consequence of nichepicking or niche-construction is that individuals who have different phenotypes at the ages or life stages in which they begin to control their own environments will not be randomly distributed across all of the environmental and experiential factors (social and otherwise) that affect the members of their population. Instead, one would observe rIE, a correlation between individuals' phenotype at a given age or ontogenetic stage, and the type of environment in which it subsequently develops.
Niche-picking and niche-construction have important implications for the design and interpretation of laboratory studies of personality development. In particular, if nichepicking and niche-construction lead to rIE under natural conditions, then they may generate patterns of personality development that differ from those produced under the restrictive conditions of the laboratory. For instance, with reference to Fig. 1 , imagine that in nature individuals with genotype III consistently choose or create environment 1 whereas individuals with genotype I consistently choose or create environment 3. In that case, individuals with genotype III would have higher scores for the behaviour of interest than individuals with genotype I. By contrast, if individuals with both genotypes were maintained under the same conditions (either 1 or 3) for extended periods in the laboratory, then genotype III would have lower scores than genotype I in either of the two conditions.
Niche-picking and niche-construction may also help explain situations in which differential consistency declines when individuals are brought into the laboratory and maintained there for extended periods (e.g. Wilson et al., 1993) . For instance, if in nature individuals with genotype III choose or create environment 2 while individuals with genotype IV chose or create environment 1, then upon first arriving in the laboratory, we would expect individuals with genotype IV to have higher scores than individuals with genotype III (Fig. 1) . However, if individuals with both genotypes were confined in the laboratory for an extended period in the same environment 3 and then re-tested, there would be no discernable difference in their scores. Hence, rearing individuals under 'standard' conditions in the laboratory may yield different results than when animals are allowed access to heterogeneous environments (social or physical) in either the laboratory or the field, a point developed further in Section IV.6.
IV. FURTHER QUESTIONS ABOUT PERSONALITY DEVELOPMENT
Students of personality development in animals have begun to describe differential consistency and structural consistency at different ages over the course of the lifetime, experimentally test whether specific types of experience at a given age affect personality traits later in life, and estimate the effects of genes on personality. While all of these approaches are worthwhile, there are many other important questions about animal personality traits that can be addressed using the framework outlined in this article. Examples of these sorts of questions are outlined below.
(1) Are extreme individuals more temporally stable than intermediate individuals?
Studies of personality development in children indicate that individuals who either had very high or very low scores on an initial test of 'behavioural inhibition' (a temperament trait related to shyness; see Wilson et. al.,1994; Fox et al., 2005) had higher levels of individual stability on that trait than individuals who initially had intermediate scores on that trait (Kagan, Reznick & Snidman, 1988; Kerr et al., 1994; Sanson et al., 1996) . In addition, Sanson et al. (1996) found that children with extreme scores on a trait related to cooperation were more stable over time with respect to their scores on this trait than children with intermediate scores on this trait.
Why might extreme individuals be more temporally stable than intermediates ? One possibility, suggested for humans, is that extremes are more likely than intermediates to engage in niche-picking or niche-construction, and remain in environments that encourage the maintenance of their extreme phenotypes. By contrast, intermediates might be more likely to switch from one type of environment to another over the course of their lives, and then adjust their phenotype to suit their new environment (Buss & Plomin, 1984) . For instance, highly social individuals might maintain themselves in environments which afford continuous opportunities for social interactions with a wide range of conspecifics, while highly non-social individuals might maintain themselves in environments which offer low social encounter rates and extended periods of solitude. By contrast, individuals with intermediate social phenotypes might be more likely to switch social environments during their lifetimes, and then adjust their social behaviour as a result of this environmental change. Hence, this hypothesis suggests that as a result of niche-picking or niche-construction, rIE will be stronger for individuals with extreme scores on initial personality tests than for individuals with intermediate scores on those same tests. In that case, even if developmental plasticity were the same for every individual in the population, individuals who had extreme scores on an initial test would have more stable personalities (higher individual stability) than individuals who initially had intermediate scores on the same test.
Measuring differences in individual stability for individuals with extreme versus intermediate scores is complicated by the fact that many of the tests used to measure personality traits in animals are subject to 'ceiling' and 'floor' effects. For instance, it is impossible for an individual who had a latency score of 0.0 on an initial test to have a lower score on a subsequent test, whereas an individual with an intermediate score on an initial test could have either a higher or a lower score on a subsequent test. Ceiling and floor effects can be reduced by modifying experimental protocols to ensure that every individual in a sample is able to increase or decrease their scores on subsequent tests. For instance, if a highly salient stimulus elicits immediate responses (latency scores of 0.0) for the most-responsive individuals in the population, then switching to a less evocative stimulus might encourage longer latencies for every subject, and thus provide scope for the most-responsive individuals to reduce their response latencies in subsequent tests. By designing protocols that allow for scores substantially higher and lower than those observed for any of the subjects in pilot studies, it should be possible to ask whether individual stability in animals varies as a function of their initial scores on behavioural tests, and if so, whether this pattern only occurs in heterogeneous environments (where niche-picking and niche-construction are possible) or whether it also occurs in the standardized, uniform environments that are typically used for laboratory studies of personality development.
(2) Does artificial selection change developmental plasticity or contextual plasticity?
Lines produced by strong artificial selection for extreme values of personality traits have been used to study the proximate bases of personality in a wide range of animals, including house mice (e.g. Koolhaas et al., 1999) , chickens, Gallus gallus (van Hierden et al., 2002) , great tits (Groothuis et al., 2008) , Japanese quail, Coturnix japonica (Gil & Faure, 2007) , and rainbow trout, Oncorhynchus mykiss (Overli et al., 2005) . These and other selected lines have made an number of important contributions to our understanding of animal personality. However, there is an important distinction between using selected lines to suggest hypotheses about animal personality, and using selected lines to test those hypotheses. In particular, using selected lines to test hypotheses about personality development relies on the implicit assumption that the mechanisms that are responsible for the differences in the scores of the selected lines are the same as the mechanisms responsible for the consistent individual differences in trait values in the population that gave rise to those selected lines. This assumption need not always be valid. For instance, under the view that strong directional selection for a given trait selects for changes in regulatory processes that increase the chances that individuals will express that trait (e.g. see West-Eberhard, 2003, p. 149) , artificial selection for consistently high or consistently low scores on a behavioural trait might also inadvertently affect the systems that determine the developmental plasticity and/or the contextual plasticity of that trait.
For instance, imagine that we are interested in adults collected from a natural population who score extremely high on a test of 'aggressiveness'. Based on the principles outlined herein, an extremely high score would only occur under a rare confluence of events: an individual whose genotype supported high levels of aggressiveness, who was raised from conception under conditions that favoured the development of high levels of aggressiveness, and who was confronted with an opponent whose phenotype encouraged a highly aggressive response. However, despite our best efforts, even the most carefully designed laboratory experiments lack complete control over all of the environmental and experiential factors that affect the development and expression of behavioural traits. As a result of uncontrolled variation in any of these factors, an adult who had an extremely high score on one test would be unlikely to have an equally high score on a second test. Similarly, as a result of uncontrolled variation in experiential factors affecting development, a clone or isogenic strain with an extremely high mean score in one generation would be unlikely to produce offspring with an equally high score in the following generation. As a consequence, an individual or a genotype with very high aggressive scores in one test would be likely to have lower scores in a subsequent test. This is an example of the phenomenon called 'regression to the mean', discussed in Section II.3b. Now, consider adults from a line that has been subject to strong artificial selection for high aggressiveness for many generations. Such a line is a product of selection for individuals that consistently express extremely high levels of aggression in the face of uncontrolled variation in contextual stimuli (e.g. individuals with low contextual plasticity in aggressive situations), and for genotypes that are consistently highly aggressive in spite of uncontrolled variation in rearing conditions from one generation to the next (i.e. low developmental plasticity for aggressiveness). That is, by choosing individuals or genotypes that are consistently highly aggressive both within and across generations, investigators may have selected for genes that reduce developmental plasticity and contextual plasticity in aggressive situations. In that situation, strong selection for extremely high 'aggressiveness' would have also selected against mechanisms that down-regulate or modulate the expression of aggressive behaviour in free-living animals.
As was noted earlier, there is already some support for the notion that lines of mice artificially selected for short attack latencies (SAL) are less contextually plastic in aggressive situations than lines selected for long attack latencies (LAL). Indeed, the tendency of SAL males to attack females as well as males is so far from the norm for this species as to be termed 'pathological' (Benus et al.,1990; Caramaschi et al., 2008) . Similarly, in male fruit flies, Drosophilia melanogaster, aggressive behaviour is normally only expressed when males are located on a food resource, and high levels of aggressive behaviour only occur in the presence of cues from adult females (Hoffmann, 1987; Hoffmann & Cacoyianni, 1989) . However, following generations of strong artificial selection for high aggressiveness, males from a 'high aggression' line readily engaged in vicious escalated fights in arenas that lacked any food or cues from females (Dierick & Greenspan, 2006) .
Other results are consistent with the notion that lines selected for high aggressiveness may be less developmentally plastic than lines selected for low aggressiveness. For instance, variation in experiential factors early in life (handling, rearing conditions) had less effect on the subsequent aggressive behaviour of SAL lines of house mice than that of LAL lines (Benus, 1999; Nyberg et al., 2004) , although ceiling and floor effects might have contributed to these results.
Given the widespread use of selected lines as 'model systems' to study the proximate bases of personality traits, we need to know whether these lines differ from nonselected individuals with respect to developmental plasticity or contextual plasticity. In addition, even if the extreme individuals generated by artificial selection were identical to individuals with extreme phenotypes in natural populations, it might be inadvisable to rely too heavily on selected lines for studies of personality development. This is because most individuals in natural populations have intermediate rather than extreme phenotypes. Hence, if there are systematic differences in the development of personality traits for individuals with extreme scores versus those with intermediate values (e.g. see Section IV.1), relying exclusively upon individuals at either extremes of the personality spectrum would provide a biased view unrepresentative of the other 90% of the individuals in the population. The notion that contexual plasticity might vary across individuals raises the question of whether contextual plasticity might be a personality trait in its own right. For instance, individuals whose responses are more sensitive to subtle differences in contextual stimuli in one functional situation might also be more sensitive to slight differences in contextual stimuli in other situations. This idea has been advanced in the literature on coping styles in animals (Benus, Koolhaas & Van Oortmerssen, 1987; Koolhaas et al., 1999; reviewed in Sih & Bell, 2008; Wolf et al., 2008) , as well as in the human personality literature, which suggests that some individuals may be more sensitive to subtle changes in stimuli than others (Aron & Aron, 1997; Ellis et al., 2006) .
Indirect support for this idea comes from comparisons of the SAL and LAL lines of house mice. SAL males consistently attack female as well as male intruders in either their home cage or in novel cages, whereas LAL males attack male but not female intruders (Benus et al.,1990; Caramaschi et al., 2008) . Detailed analyses of their aggressive interactions suggested that SAL males are also less sensitive than LAL males to social feedback from conspecifics (Caramaschi et al., 2008) , a conclusion bolstered by results indicating that SAL males continue to attack even anaesthetized opponents (Caramaschi et al. 2008; Natarajan et al., 2009) . Similarly, when males from both lines were tested in a familiar maze, a minor change in the maze had no discernable effect on the behaviour of SAL mice, while the same change elicited immediate responses (pausing, rearing, sniffing, etc.) in LAL mice (Benus et al., 1987) . Indications of differences in sensitivity to external stimuli extend beyond behavioural traits related to personality, e.g. SAL mice have more difficulty synchronizing their circadian rhythms to changes in daylength than do LAL mice (Benus, Koolhaas & Van Oortmerssen, 1988) .
While the results outlined above are consistent with the notion that some individuals might be more contextually plastic in a range of situations than other individuals, it is important to note that the mice discussed in the above paragraphs were the products of artificial selection. As was discussed in Section IV.2, artificial selection itself might lead to changes in the contextual plasticity of personality and other behavioural traits. However, if future studies using unselected individuals indicate that individual differences in contextual plasticity generalize across contexts, then these findings could lead to major changes in the way we think about the organisation of behaviour. Instead of assuming that behaviour is organised into separate modules that correspond to different motivational or functional systems, contextual generality in contextual plasticity would imply that some consistent individual differences in behaviour are so pervasive as to affect the ways that individuals interact with the external world in a wide range of motivational or functional situations. In that case, one could ask about the physiological systems that are related to individual differences in contextual plasticity, about the gene-environment interactions that guide their development, and about the potential costs and benefits of different levels of contextual plasticity under natural conditions. For example, animals that are highly sensitive to subtle cues in the external environment might make more informed decisions than those who are less sensitive to those cues, but might also take longer to make decisions, or require more neural machinery to make them. In addition, consistent individual differences in contextual plasticity might encourage consistent individual differences Biological Reviews 85 (2010) Correlations between personality traits and physiological traits have long been a focus of research in the literature on coping styles, which consider relationships between consistent individual differences in physiological traits such as the pituitary-adrenal response regulating the production of cortisol and corticosterone or the regulation of (nor)adrenaline, and consistent individual differences in the behaviour that animals express in potentially threatening situations (e.g. fight versus flight) or in novel areas (e.g. open field tests) (Koolhaas et al., 1999 (Koolhaas et al., , 2007 . More recently, it has been suggested that correlations across individuals between personality traits (e.g. foraging under predation risk or aggressiveness) and differentially consistent physiological traits (e.g. growth or fecundity) may help account for the differential consistency of those personality traits (Stamps, 2007; Biro & Stamps, 2008) . It is often assumed either that correlations between physiological or neurobiological traits and personality traits reflect a causal relationship that is fixed throughout life (i.e. 'genetic'), or that such relationships are only affected by experiential factors that occur very early in life, when the physiological and behavioural systems in question are undergoing rapid development (see also Section IV.5). For example, structural consistency in behavioural stress responses has been interpreted as evidence for temporally consistent individual differences in a general control system that affects impulsivity or sensitivity to environmental stimuli via the serotonergic system (Veenema, Koolhaas & De Kloet, 2004) . However, it is an open question whether such links between behavioural and physiological traits are highly resistant to change over the lifetimes of individuals. If further research indicates that correlations between behavioural and physiological traits do change as a result of experiential factors, then experimental studies involving manipulations of those same factors can be used to suggest and test novel hypotheses about the causal mechanisms that are responsible for the formation and maintenance of links between behavioural and physiological traits.
Indeed, recent empirical studies indicate that widespread assumptions about the temporal consistency of links between physiological and personality traits may not be correct. RuizGomez et al. (2008) focused on two lines of rainbow trout artificially selected for high (HR) and low (LR) post-stress plasma cortisol levels. As predicted from the coping style literature, when tested in a novel environment, fish from the LR ('proactive') line began feeding sooner than those from the HR ('reactive') line. Previously it was assumed that the behavioural differences between the LR and HR lines were stable throughout life (Overli et al., 2007) , so RuizGomez et al. (2008) were surprised when they tested adult fish from the HR and LR lines who had been transported to another laboratory, a procedure that involved seven days of starvation, as well as a variety of other stressors. After this (presumably) traumatic event, there was no change in the stress-response profiles of the two lines: HR fish still had higher post-stressor cortisol levels than did LR fish. However, there was a striking reversal in the fishes' relative scores on the feeding test: not only did the fish from the LR line have longer feeding latencies than those from the HR line, but one year later, the LR fish still fed significantly later than the HR fish. Hence, the assumption that relationships between stress physiology and behaviour established early in life are stable thereafter may be premature.
These findings also imply that some of the relationships between personality and physiological traits which appear to be quite stable and predictable may owe some of this predictability and stability to the fact that the experimental subjects are maintained from conception to the time of testing under a single, stable set of conditions. Not only are captive animals typically reared and maintained in conditions that rarely occur in the field (e.g. highly nutritious foods ad libitum, no predators or competitors, restricted opportunities for movement, simplified habitat structure), but the same conditions are typically maintained throughout the lives of these animals. In such cases, it is perhaps not surprising that relationships between physiological traits and behavioural traits are highly stable during life. By contrast, a developmental reaction norm perspective suggests that relationships between personality traits and physiological traits are likely to vary as a function of experiential factors that are salient for free-living members of a species. By extension, it argues that experimental manipulations of those factors may provide valuable insights into the proximate mechanisms that contribute to the formation and maintenance (or the lack thereof) of correlations between behavioural and physiological traits in free-living animals.
(5) Can we predict the ages/life stages when experiential factors are likely to affect differential consistency?
Thus far, most studies of the effects of experience on differential consistency have focused on experiences that occur early in life (from conception to the end of parental care), based on the premise that plasticity of the brain and neuroendocrine systems is high at this stage of life. However, even in mammals and birds for which early experience clearly is important, the timing of sensitive periods can vary as a function of experience. In addition, the behaviour that is affected by experiences during a sensitive period may only be expressed at certain ages later in life, and the effects of early experience may be consolidated or overruled by later experiences (Bateson,1979; Immelman et al., 1991; Hogan & Bolhuis, 2005; Leitner & Catchpole, 2007) . As a result, we need to be cautious when assuming that individual differences in personality traits established early in life are necessarily stable thereafter. For instance, at the proximate level, recent studies of rodents indicate that maternal experiences during gestation or maternal behaviour after birth can have long-lasting effects on the behaviour of their offspring, via changes in patterns of DNA methylation (Champagne, 2008) . However, although it was formerly assumed that DNA methylation patterns established early in life were subsequently stable, recent data suggest that DNA methylation is potentially responsive to environmental stimuli throughout life (Szyf, McGowan & Meany, 2008) .
Another possible reason why researchers tend to assume that experiences early in life have the strongest impact on the development of behavioural and other phenotypic traits (e.g. Crews, 2008; Nijland, Ford & Nathanielsz, 2008) is that in the laboratory, experimental subjects are typically maintained under constant, benign conditions following the experimental perturbation that was the focus of the study. In the absence of highly salient experiences later in life (e.g. attacks from predators or conspecifics, periods of starvation, changes in social group size or composition), there would be little reason to expect individual differences established early in life to change later in life (see also Section IV.4).
Recently, we have begun to see studies which suggest that salient experiences that occur after animals have become independent of their parents can affect the differential consistency of personality traits. For instance, juvenile rainbow trout can be categorized as 'shy' and 'bold' based on their scores on a test involving latency to approach a novel object, where the 'shy' fish have longer approach latencies than the 'bold' fish. Frost et al. (2007) asked whether particular types of experience (e.g. observation of a 'shy' conspecific demonstrator in an adjacent tank over a four-day period) affected the subject's relative scores on the same test conducted after exposure to the demonstrator. After observing a 'shy' demonstrator, the previously 'shy' fish had a lower average latency to approach the novel object than did the previously 'bold' fish, while bold fish after the same experience increased their latency, implying that in this species, social experiences at the juvenile age/stage may affect the differential consistency of personality traits. In another experiment, exposing subadult three-spined stickleback to predatory trout changed the relationship between their scores in tests measuring 'boldness' and 'aggressiveness' (Bell & Sih, 2007) . Among the subjects that survived this experience, prior to the exposure to predators, the relationship between boldness and aggressiveness was weak (r = 0.18), but after the exposure the effect size for this same relationship had increased to r = 0.46. Further analyses revealed that exposure to predators had reduced the differential consistency of aggressiveness, i.e. there was no discernable relationship between aggressiveness scores of the same individuals before and after exposure to predators. However, the same experience had no discernable effect on the differential consistency of boldness. As a result, individuals who were relatively bold (but not necessarily also aggressive) prior to the experience tended to be both bold and aggressive after it. These examples suggest that in fish, at least, salient experiences that occur months after individuals have begun living independent lives can have pronounced effects on both differential consistency and structural consistency.
(6) How does spatial and temporal variation in environmental factors affect personality development?
In contrast to the situation in the laboratory, where subjects typically develop under one set of environmental conditions for an extended period of time, in nature individuals are likely to develop in areas in which environmental conditions vary across time and space. From a developmental perspective, 'temporal' refers to the environmental conditions experienced by an individual between conception and death, while 'spatial' refers to environmental conditions in the areas that are within the dispersal distances that an individual might travel over the course of its lifetime. Here, we suggest that temporal and spatial variation at the scales that are relevant to individual development are likely to have different effects on individual stability and differential consistency of personality traits.
First imagine a situation in which environmental factors affecting personality development vary temporally but not spatially. If individuals are developmentally plastic, then temporal variation in these environmental factors would be expected to reduce individual stability in scores for personality traits. Further, if individuals within the same population differ with respect to their developmental plasticity (variation among individuals in developmental reaction norms), then temporal variation in environmental factors would also reduce differential consistency. Hence, temporal variation in environmental factors that affect personality development would be likely to reduce temporal consistency of personality traits at both the individual level (individual stability) and at the group level (differential consistency).
Second, imagine a different situation, in which environmental factors that affect personality development are constant across the lifetimes of each cohort, but vary across distances that can be readily traveled by individuals of that species. If individuals differ with respect to the environments in which they prefer to live and develop, then as a result of niche-picking or niche-construction, different individuals in the same population might be able to maintain themselves in consistently different environments for extended periods of time. In this situation, individual stability and differential consistency might be higher than if all of the individuals in the population had been forced to live in one of these environments, or if all of the individuals in the population randomly drifted from one environment to another over the course of their lives.
This line of reasoning suggests that differences between the laboratory and the field in the stability and consistency of personality traits may depend on whether environmental variation in nature is primarily temporal or primarily spatial. If the variation is primarily temporal, then one would expect personality to be more stable for individuals raised under constant conditions in the laboratory than for otherwise comparable individuals who developed in the field. Conversely, if the variation is primarily spatial, we might expect the reverse to be true.
(7) When during ontogeny are personality traits likely to be temporally unstable?
Intuition suggests that the differential and structural consistency of personality traits might vary over the course of a lifetime, and descriptive studies confirm that this is true for humans (Roberts & DelVecchio, 2000; Roberts et al., 2001; Caspi et al., 2005) . There are at least two reasons why personality traits that are temporally stable at a given age or life stage might be unstable earlier or later in life. First, if personality traits are linked at the proximate level to underlying physiological processes such as growth or metabolic rate (Stamps, 2007; Biro & Stamps, 2008; Careau et al., 2008) , we might expect instability in personality traits to occur when the physiological systems to which they are linked are undergoing major changes. For instance, personality traits might become instable during periods of rapid morphogenesis, metamorphosis, sexual maturation or other stages of ontogeny when physiological and morphological systems are undergoing major reorganisation. In contrast, 'external' hypotheses for personality instability rest on the assumption that individuals are developmentally plastic, and suggest that changes in personality within individuals are most likely to occur when those individuals shift from one physical or social environment to another, e.g., as a result of natal or breeding dispersal, migration, or recruitment to a new social group or neighborhood. Obviously, as is the case for genetic versus experiential influences on behavioural development, these two hypotheses are neither mutually exclusive nor independent.
Testing these hypotheses requires types of data that are rarely collected in the same study, namely, information about the timing of changes in physiological systems linked to personality traits, and information about the timing of changes in social and physical environments for free-living members of the species. For instance, longitudinal studies of three-spined stickleback and dumpling squid conducted in the laboratory suggest that differential consistency in personality traits declines around the time of sexual maturity (Bell & Stamps, 2004; Sinn et al., 2008) , but for neither of these species do we know whether free-living individuals change their physical or social habitats when they mature. In female brush mice, Peromyscus boylii, natal dispersal and sexual maturity occur at the same age (Mabry & Stamps, 2008) , so for this species, both hypotheses predict lower individual stability and differential consistency in personality traits for dispersal-age animals than at younger ages (when juveniles are living with their mother and siblings in the natal home range) or at older ages (when mature animals are living in a new neighborhood). Discriminating between the two hypotheses would be easier in species in which major reorganisation of physiological systems occurs at different ages or life stages than when animals transfer to novel physical and/or social environments. For instance, in humans in western cultures, sexual maturation (puberty) typically occurs many years before individuals leave home and establish themselves in a new area and form new social relationships. Studies of personality development in these populations indicate personality traits are relatively stable through puberty, but become unstable during young adulthood, a time of major transitions in physical and social environments (Caspi et al. 2005) .
(8) How can we simultaneously analyse contextual and temporal components of personality?
As was noted above, although in principle contextual reaction norms are based on scores for behaviour expressed in different contexts at the same age and period of time, in practice, descriptions of the contextual reaction norms of individuals are necessarily based on tests conducted in different contexts at different times. As a result, variation among individuals in the temporal stability of behaviour across the testing period will affect estimates of their contextual reaction norms and contextual plasticity. Those studying contextual reaction norms can not simply assume that individual stability is high across the testing period for every behaviour of every individual in every context, or that temporal changes in behaviour in one or more contexts are comparable for all of the individuals in the sample. In addition, biologists who use particular statistical models to study contextual reaction norms need to be aware of the assumptions those models are making with respect to individual differences in temporal changes in the traits of interest. For instance, Nussey et al. (2007) showed how random regression models can be used to study contextual plasticity, but their procedure assumes either that an individual's scores for the behaviour expressed in each context do not change over the sampling period, or that the behaviour expressed in each context changes the same way for every individual in a sample as a function of age or time.
Thus far, no one working on animal personality has attempted to simultaneously analyze the contextual plasticity and individual stability of the same set of subjects. Developing experimental protocols and statistical tools to address this problem is a high priority, because as we have emphasized throughout this article, personality involves both contextual and temporal consistency, both of which can vary among the individuals in the same population. In addition, more comprehensive methods for the analysis of personality would allow us to answer new and important questions. For instance, we could ask whether individual differences in variation in behaviour across contexts is correlated with individual differences in variation in behaviour across time, i.e. whether contextual plasticity is correlated to individual stability across individuals. This latter question is relevant to current discussions about variation among individuals in their degree of 'specialization' (e.g. Sih & Bell, 2008; Reale & Dingemanse, 2009) , in asking whether animals who are highly specialized with respect to their behaviour at a given time (low contextual plasticity) are also more likely to maintain the same behaviour in a given context over time (high individual stability).
V. CONCLUSIONS
(1) Although relatively few investigators have explicitly studied the development of animal personality, understanding the functional significance, evolution and causation of personality is likely to be enriched by understanding its development. Changes in personality across ontogeny may shed light on age or stagespecific adaptations to environmental conditions that vary across the lifespan, and provide valuable insights into the causal mechanisms and selective pressures that are responsible for formation and maintenance of personality. However, an ontogenetic approach requires familiarity with a variety of concepts that are ignored in 'snapshot' studies that focus on personality at a given age or time; outlining and explaining these concepts has been a major goal of this review. (2) Understanding the development of personality requires studies of behaviour over longer periods of time, and under different sets of environmental conditions, than is typically the case for animal personality studies. Currently, estimates of the differential and structural consistency of personality traits are usually based on relatively short inter-test intervals, and there is sometimes a tendency to assume that traits that are temporally stable for short periods of time are also stable over much longer periods, including across the entire lifetime. In addition, many studies of animal personality are conducted under constant, benign, and highly simplified conditions in the laboratory, even though their goal is to understand the causes and consequencies of personality for animals that live in complex, spatially and temporally variable environments in nature.
We need more studies that carefully map the development of personality traits from early life onwards, either in the field or under semi-natural conditions that are based, as far as possible, on the natural life history of the species in question. Long-term, longitudinal studies of personality development can reveal whether traits or correlations among traits are consistent or inconsistent at different ages or life stages. In addition, personality development for individuals living in the field or in semi-natural conditions can be compared to personality development for members of the same cohort or selected lines reared in standardized laboratory conditions. This sort of comparison would help establish the validity of some of the methods currently used to study animal personality (e.g. the use of artificially selected lines as model systems), and shed light on the extent to which niche-picking or niche-construction might contribute to the formation and maintenance of personality in free-living animals. (3) Contextual reaction norms and developmental reaction norms provide a framework for addressing some of the most important and interesting questions about animal personality, e.g. the extent to which contextual plasticity varies among individuals and genotypes, how interactions and correlations between genes and experiential factors contribute to the production and maintenance of personality, and how behavioural processes such as niche-picking and niche-construction affect the establishment and maintenance of personality in natural populations. In combination, contextual and developmental reaction norms can provide powerful insights into the ways that genes, experiential factors, and correlations and interactions between genes and experiential factors contribute to the individual differences in behaviour, contextual consistency and temporal consistency that are the hallmarks of animal personality. (4) Although this review focuses on behavioural traits that have attracted the most attention in the animal personality and related literatures (e.g. aggressiveness, boldness, activity, etc., see Reale et al., 2007; Sih & Bell, 2008) , the concepts outlined herein apply equally well to the many other behavioural and physiological traits that are differentially consistent and whose expression varies as a function of contextual stimuli (e.g. consistent individual differences in parenting styles or physiological responses to 'stressful' stimuli). Hence, studies of personality development encourage us to consider general questions about the organisation and development of the many phenotypic traits that vary over the short term as a function of contextual cues at the time of trait expression, and over the long term as a function of experiential and environmental factors that occurred earlier in the lifetime of that individual. (5) We hope to encourage future studies of the development of personality, by outlining the concepts that need to be considered in empirical and theoretical studies of this topic, and by offering a list of questions about personality development that would benefit from attention from empiricists. In addition, we hope that this review motivates theoreticians and empiricists who are interested in the causation, functional significance or evolution of personality to identify and reconsider the assumptions about development that they are making, either explicitly or unwittingly, in their own studies.
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